Pannexins are large-pore forming channels responsible for ATP release under a variety of 16 physiological and pathological conditions. Although predicted to share similar membrane topology 17 with other large-pore forming proteins such as connexins, innexins, and LRRC8, pannexins have 18 minimal sequence similarity to these protein families. Here, we present the cryo-EM structure of 19 a pannexin 1 (Panx1) channel at 3.0 Å. We find that Panx1 protomers harbor four transmembrane 20 helices similar in arrangement to other large-pore forming proteins but assemble as a heptameric 21 channel with a unique gate formed by Trp74 in the extracellular loop. Mutating Trp74 or the nearby 22
identity with innexins (~15% identity), they have virtually no sequence similarity to other large-35 pore forming channels (Panchin et al., 2000) . Among the pannexin family, pannexin 1 (Panx1) 36 has garnered the most attention for its role as a large-pore forming channel responsible for ATP 37 release from a variety of cell types (Bao et al., 2004; Dahl, 2015) . Different kinds of stimuli have 38 been reported to activate Panx1 including voltage, membrane stretch, increased intracellular 39 calcium levels, and positive membrane potentials (Bruzzone et al., 2003; Bao et al., 2004; Locovei 40 et al., 2006; Wang et al., 2014; Chiu et al., 2018) . Panx1 is also targeted by signaling effectors, 41 such as proteases and kinases, to permanently or temporarily stimulate channel activity (Pelegrin 42 and Surprenant, 2006; Thompson et al., 2008; Sandilos et al., 2012; Billaud et al., 2015; Lohman 43 et al., 2015) . The above evidence suggests that Panx1 has a capacity to integrate distinct stimuli 44 into channel activation leading to ATP release. Despite playing critical roles in a variety of 45 biological processes, a mechanistic understanding of pannexin function has been largely limited 46 due to the lack of a high-resolution structure. Here, we show the cryo-EM structure of Panx1, 47 which reveals the pattern of heptameric assembly, pore lining residues, the selectivity filter, and 48 the channel gate. 49 50 Results 51
Structure determination and functional characterization 52
To identify a pannexin channel suitable for structure determination, we screened 34 pannexin 53 orthologues using Fluorescence Size Exclusion Chromatography (FSEC) (Kawate and Gouaux, 54 2006) . Frog Panx1 (frPanx1; 66% identical to human, Figure1-figure supplement 1) displayed 55 high expression levels and remained monodisperse when solubilized in detergent, suggesting 56 high biochemical integrity. We further stabilized frPanx1 by truncating the C-terminus by 71 amino 57 acids and by removing 24 amino acids from the intracellular loop between transmembrane helices 58 2 and 3 (Figure1-figure supplement 1). This construct, dubbed "frPanx-ΔLC", displayed high 59 stability in detergents and could be purified to homogeneity (Figure1-figure supplement 2a and 60 b). We verified that frPanx1 forms a functional pannexin channel by whole-cell patch clamp 61 electrophysiology ( Fig.1a and b ; Figure1-figure supplement 2e and f). Purified frPanx1-ΔLC 62 was reconstituted into nanodiscs composed of MSP2N2 (an engineered derivative of 63 apolipoprotein) and soybean polar lipids, and subjected to cryo-electron microscopy (cryo-EM) 64 and single particle analysis (Figure1-figure supplement 2c and d). We used a total of 90,185 65 selected particles for 3D reconstruction at 3.0 Å resolution (Figure1-figure supplement 3) . The 66 map quality was sufficient for de novo model building for the majority of frPanx1-ΔLC with the 67 exception of disordered segments of the N-terminus (residues 1-11), ECL1 (88-100), and ICL1 68 (157-194) ( Fig. 1c; Figure1 -figure supplement 4, and Table 1) HEK 293 cells expressing hPanx1, frPanx1, and frPanx1-ΔLC. Cells were clamped at -60 mV and 72 stepped from -100 mV to +100 mV for 1 s in 20 mV increments. To facilitate electrophysiological 73 studies, we inserted a Gly-Ser motif immediately after the start Met to enhance Panx1 channel 74 opening as we have previously described (Michalski et al., 2018) . CBX (100 μM) was applied 75 through a rapid solution exchanger. b, Current-voltage plot of the same channels shown in a. 76
Recordings performed in normal external buffer are shown as circles, and those performed during 77 CBX (100 μM) application are shown as squares. Each point represents the mean of at least 3 78 different recordings, and error bars represent the SEM. c, EM map of frPanx1-ΔLC shown from 79 within the plane of the membrane. Each protomer is colored white or blue. d, Overall structure of 80 frPanx1-ΔLC viewed from within the lipid bilayer. Each protomer is colored differently, with the 81 extracellular side designated as "out". e, Structure of frPanx1 viewed from the extracellular face. 82
Overall structure and protomer features 83
The frPanx1-ΔLC structure revealed a heptameric assembly, which is unique among the known 84 eukaryotic channels ( Fig. 1d and e ). Other large-pore forming channels include hexameric 85 connexins (Maeda et al., 2009) The overall protomer structure of Panx1 resembles that of other large-pore forming channels 102 including connexin, innexins, and LRRC8. Like other large-pore forming channels, each Panx1 103 protomer harbors four transmembrane helices (TM1-4), two extracellular loops (ECL1 and 2), two 104 intracellular loops (ICL1 and 2), and an amino (N)-terminal loop ( Fig. 2a and b) . The 105 transmembrane helices of Panx1 are assembled as a bundle in which the overall helix lengths, 106 angles, and positions strongly resemble the transmembrane arrangements observed in other 107 large-pore channels (Fig. 2c) . Features in the ECL1 and ECL2 domains appear to be conserved 108 among large-pore channels despite limited sequence similarity ( Fig. 2d-g The Panx1 permeation pathway spans a length of 104 Å, with constrictions formed by the N-132 terminal loop, Ile58, and Trp74 ( Fig. 3a and b) . The narrowest constriction is surrounded by Trp74 133 located on ECL1, which forms an extracellular gate ( Fig. 3c) . (Gluc -), Erev shifted to +26 mV, suggesting the channel is more permeable to Clthan to Gluc -. 147
When exposed to the large cation, N-methyl-D-glucamine (NMDG + ), Erev remained close to 0 148 mV, suggesting that Na + and NMDG + equally (or do not) permeate Panx1. These results are 149 consistent with Panx1 being an anion-selective channel. The Arg75Lys mutant maintains the 150 positive charge of this position, and displayed Erev values comparable to WT. Removing the 151 positive charge at this position, as shown by the Arg75Ala mutant, diminished Clselectivity as 152 the Erev in NaGluc remained near 0 mV. Interestingly, the Erev in NMDGCl shifted to -22 mV, 153 suggesting the channel had lost anion selectivity and Na + became more permeable than NMDG + . 154 A charge reversal mutant, Arg75Glu, shifted the Erev in NaGluc to -16 mV and in NMDGCl to -45 155 mV, indicating that Glucbecame more permeable to Cl -. Overall, these results support the idea 156 that the positively charged Arg75 plays a role in anion selectivity of Panx1. and more permeable to Na + (Figure 3e) . These results suggest that introducing a charge at this 171 position disrupts the natural ion selectivity of Panx1 channels but that position 74 itself does not 172 control ion selectivity. We observed that the distance between the guanidyl group of Arg75 and 173 the benzene ring of Trp74 from an adjacent subunit is ~4 Å, suggesting that these two residues 174 likely participate in an inter-subunit cation-π interaction key to Panx1 ion selectivity (Figure 3f) . 175
To test this hypothesis, we generated Trp74Ala and Trp74Phe mutations and measured Erev 176 potentials. Trp74Ala showed a marked decrease in Clpermeability and an increase in Na + 177 permeability, despite preservation of the positive charge at Arg75. A more conservative mutation, 178
Trp74Phe, still disrupted ion selectivity, suggesting that proper positioning of the benzene ring at 179 position 74 is important for anion selection. Altogether, our data suggests that anion selectivity is 180 only achieved when Trp74 and Arg75 form a cation-π interaction. Given that our structure has 181 disordered and truncated regions in the N-terminus, ICL1, and ICL2, it is possible that additional 182 ion selectivity or gating regions exist in the full-length channel. We have previously demonstrated that CBX, a potent nonselective inhibitor of Panx1, likely acts 189 through a mechanism involving ECL1 (Michalski and Kawate, 2016) . In these experiments, 190 mutations at a number of residues in ECL1 rendered Panx1 less sensitive to CBX-mediated 191 channel inhibition. Mapping such residues in the Panx1 structure revealed that they are clustered 192 proximal to the extracellular gate, in a groove formed between ECL1 and ECL2 (Figure 4a and  193  b ). This supports our previous speculation that CBX is an allosteric inhibitor, not a channel blocker 194 (Michalski and Kawate, 2016). 195 196 Given that this hydrophobic groove is formed also by residues in ECL2, we wondered if residues 197 in ECL2 might also play a role in CBX-mediated inhibition. We mutated selected residues in ECL2 198 of hPanx1 to cysteines and measured channel activity before and after CBX application. We found 199 that mutations at Ile247, Val258, and Phe262 (hPanx1 numbering) diminished CBX-sensitivity 200 (Figure 4b) . These data suggest that both ECL1 and ECL2 play important roles in inhibition of 201 Panx1 by CBX. Although we do not have a cryo-EM structure complexed to CBX at this point, we 202 speculate that CBX inhibits Panx channels by binding between ECL1 and ECL2 and 'locking' the 203 conformation of gate forming ECL1 in favor of channel closure. Purification of frPanx1-ΔLC 309 frPanx1 (NP_001123728.1) was synthesized (Genscript) and cloned into the BamHI/ XhoI sites 310 of pCNG-FB7 vector containing a C-terminal Strep-tag II (WSHPQFEK). Amino acids from the IL1 311 and IL2 were removed by standard PCR strategies, and the BamHI site was also removed by 312 quickchange mutagenesis. The full length frPanx1 and hPanx1 (NP_056183.2; synthesized by 313 Genscript) were also subcloned into pCNG-FB7 vectors by standard PCR. Sf9 cells were infected 314 with high titer baculovirus (20-25 mL P2 virus/ L cells) at a cell density of 2.5-3.0x10 6 cells/ mL 315 and cultured at 27 °C for 48 hours. Cells were collected by centrifugation, washed once with PBS, 316 and lysed by nitrogen cavitation (4635 cell disruption vessel; Parr Instruments) at 600 psi in PBS 317 containing leupeptin (0.5 μg/mL), aprotinin (2 μg/mL), pepstatin A (0.5 μg/mL), and 318 phenylmethylsulfonyl fluoride (0.5 mM). Broken cells were centrifuged at 12,000 x g for 10 minutes, 319 and membranes were collected by ultracentrifugation at 185,000 x g for 40 minutes. Membranes 320 were suspended and solubilized in PBS containing 1% C12E8 (Anatrace) for 40 minutes, followed 321 by ultracentrifugation at 185,000 x g for 40 minutes. Warp was used for aligning movies, estimating the CTF and particle picking for frPanx1-ΔLC and 357 full-length hPanx1. For full-length frPanx1, movie alignment and CTF estimation were performed 358 using the program Unblur and CTFFind, respectively, within the cisTEM package (Grant et al., 359 2018 ). 2D classification, ab-initio 3D map generation, 3D refinement, 3D classification, per particle 360 CTF refinement and B-factor sharpening were performed using the program cisTEM (Grant et al., 361 2018). The single particle analysis workflow for frPanx1-ΔLC is shown in Extended Data Fig. 3 . 362
De novo modeling was performed manually in Coot (Emsley and Cowtan, 2004 ). The final model 363 was refined against the cryo-EM map using PHENIX real space refinement with secondary 364 structure and Ramachandran restraints (Adams et al., 2010) . The FSCs were calculated by 365 phenix.mtriage. Data collection and refinement statistics are summarized in Extended data Table  366 1. 367
368
Electrophysiology 369 HEK293 cells were plated onto 12-mm glass coverslips (VWR) in wells of a 6-well plate and 370 transfected 24 hours later with 500-800 ng plasmid DNA using FUGENE 6 (Promega) according 371 to the manufacturer's instructions. Recordings were performed ~16-24 hours later using 372 borosilicate glass micropipettes (Harvard Apparatus) pulled and polished to a final resistance of 373 2-5 MΩ. Pipettes were backfilled with (in mM) 147 NaCl, 10 EGTA, 10 HEPES pH 7.0 with NaOH. 374
Patches were obtained in external buffer composed of (in mM) 147 NaCl, 10 HEPES pH 7.3 with 375 NaOH, 13 glucose, 2 KCl, 2 CaCl2, 1 MgCl2. A rapid solution exchange system (RSC-200; Bio-376 Logic) was used to perfuse cells with CBX or various salt solutions. Currents were recorded using 377 an Axopatch 200B amplifier (Axon Instruments), filtered at 2 kHz (Frequency Devices), digitized 378 with a Digidata 1440A (Axon Instruments) with a sampling frequency of 10 kHz, and analyzed 379 with the pClamp 10.5 software (Axon Instruments). For voltage step recordings, Panx1 expressing 380 cells were held at -60 mV and stepped to various voltage potentials for 1 s in 20 mV increments 381 before returning to -60 mV. For ramp recordings, cells were held at -60 mV, and ramped between 382 -100 mV and + 100 mV over 3s duration. 383 384 385
